Little is known about the role of fire in the mountain hemlock (Tsuga mertensiana (Bong.) Carrière) rain forests of southern British Columbia. High-resolution analysis of macroscopic charcoal from lake sediment cores, along with 102 accelerator mass spectrometry (AMS)
Introduction
Immediately after a forest fire, airborne macroscopic charcoal particles begin to accumulate in nearby lake sediments, creating a pulse of charcoal deposition indicative of a local fire event. The amount of charcoal that enters a lake depends on fire severity or intensity, fuel type and quantity, and the prevailing winds at the time of a fire (Clark 1988; Whitlock and Millspaugh 1996; Clark and Patterson 1997; Clark et al. 1998; Gardner and Whitlock 2001) . Charcoal may continue to accumulate in lake sediments due to local erosion or be redeposited from the littoral zone for decades after an actual fire event (Whitlock and Millspaugh 1996; Whitlock et al. 1997) . This slow accumulation of charcoal in deepwater sediments contributes to a smooth background component in the charcoal record. Charcoal accumulation rates (CHAR) in lake sediment appear as a time series of high-frequency peaks (or fire events) against a slowly varying background component (Clark and Royall 1995; Long et al. 1998) . One challenge with reconstructing fire frequency from CHAR records is being able to calibrate a peak event with local evidence of fire such as fire-scarred trees, historical fire dates, and stand ages from the watershed (e.g., Clark 1990; Millspaugh and Whitlock 1995) . Calibration of recent CHAR peaks allows for reconstruction of fire frequency over millennial time scales.
A growing number of CHAR records in western North America document a link between variations in fire frequency and climate. Most records in the Pacific Northwest region show increased fire frequencies during the dry and warm early Holocene period (Long et al. 1998; Hallett and Walker 2000; Millspaugh et al. 2000; Mohr et al. 2000; Hallett 2001 ), a variable phase through the mid-Holocene, and at some sites a slight increase in fire frequency during the late Holocene (Hallett and Walker 2000; Mohr et al. 2000; Hallett 2001 ). More specifically, over the last 17 000 years, long-term variations in fire frequency in Yellowstone National Park show a millennial-scale response to summer insolation changes (Millspaugh et al. 2000) , and in the southern Canadian Rockies, fire frequency decreased during Neoglacial advances (Hallett and Walker 2000) .
In this study, we reconstruct fire history using CHAR peaks from lake sediment and calibrate them with accelerator mass spectrometry (AMS) ages on soil charcoal over the entire Holocene (Hallett 2001) . Radiocarbon-dated soil charcoal from around a lake basin can be used to calibrate a specific CHAR peak as a local fire event and provide information on the location and extent of past fires (Gavin 2000) . This calibration step is limited by the error associated with radiocarbon measurement and the in-built age of a charred wood sample. The in-built age is the potential for dating the inner rings of a tree or coarse woody debris, thus giving a date older than the actual fire event (Gavin 2001) . The soil charcoal method may be limited by the erasure effect of recent fires eliminating information of past events as in dendrochronological records (e.g., Clark 1990; Millspaugh and Whitlock 1995) , but in some temperate forests, soil charcoal can provide evidence of local fire spanning several millennia (Carcaillet and Talon 1996; Gavin 2000; Hallett 2001 ). This additional temporal and spatial information strengthens the interpretation of CHAR peaks as real fire events during the Holocene. Here, we use these methods in wet mountain hemlock (Tsuga mertensiana (Bong.) Carrière) forests where fire occurs infrequently (Brooke et al. 1970; Lertzman 1992 ). Long-term fire frequency records in high-elevation rain forest enhance our knowledge of Holocene climate because fire events must be preceded by summer drought (Agee 1993; Veblen and Alaback 1996) . We analyze temporal variations in fire frequency over the Holocene and use the connection between drought and fire to interpret climate at our sites in southwestern British Columbia.
Site description
Our study sites are located in the Mountain Hemlock (MH) zone, which is found at elevations above 900 m in the Coast and Cascade Mountains of southern British Columbia (Fig. 1 ). This zone can be divided into the forested subzone from 900 to 1400 m and the parkland subzone above 1400 m, although small areas of parkland can exist at lower elevations. Tree species characteristic of the forested zone include mountain hemlock, Pacific silver fir (Abies amabilis (Dougl. ex Loud.)), and yellow-cedar (Chamaecyparis nootkatensis (D. Don) Spach) (Brooke et al. 1970) . Other tree species, such as subalpine fir (Abies lasiocarpa (Hook.) Nutt.), whitebark pine (Pinus albicaulis Engelm.), and lodgepole pine (Pinus contorta Dougl. ex Loud.), are scattered at high elevations or on the eastern transition of the MH zone with communities more characteristic of continental conditions, while trees such as western hemlock (Tsuga heterophylla (Raf.) Sarg.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), and western redcedar (Thuja plicata Donn ex D. Don) are found at lower elevations in the Coastal Western Hemlock (CWH) zone (Meidinger and Pojar 1991) .
The MH zone is characterized by cool, wet climate with significant precipitation and deep snow cover for up to 9 months (Fig. 1 ). Late-winter snowpack can be up to 3 m with most snow accumulation occurring in open areas between tree islands. The forested subzone is usually snow free for less than 150 days a year. Snow cover begins in October, creating an insulating layer that protects soils from freezing and cryoturbation (Brooke et al. 1970) . Organic deposition and slow decomposition rates result in thick layers of mor humus that overlie Podzol soils. Little or no bioturbation occurs in these mor humus profiles because soils are cold and anaerobic due to wet snow cover for most of the year. Only in forested areas do roots cause some bioturbation in humus profiles and penetrate deep into mineral soils. In the parkland subzone, subalpine meadows are less affected by root disturbance because they are covered with herbs such as black sedge (Carex nigricans) and low shrubs such as pink heather (Phyllodoce empetriformis), white heather (Cassiope mertensiana), and dwarf blueberry (Vaccinium deliciosum). Humus deposits in late-snowmelt basins with black sedge often show signs of stratification and may include distinct layers of Mazama tephra dated at 7585 calendar years BP (Hallett et al. 1997 ) and the Bridge River tephra dated at~2388 calendar years BP (Clague et al. 1995) . These two stratigraphic markers are useful in revealing rates of organic accumulation during humification.
Frozen Lake (49°36′N, 121°28′W, elevation 1180 m, depth 17 m, 3 ha), in the Coast Mountains, is located on a subalpine bench with steep slopes on the east and west sides. Water drains from upper Frozen Lake (elevation 1360 m, depth 8 m, 2 ha) through an open meadow into lower Frozen Lake and eventually the Fraser River. Mount Barr Cirque Lake (49°16′N, 121°31′W, elevation 1376 m, depth 9 m, 2 ha) is located 32 km south of Frozen Lake in the Cascade Mountains. This lake sits in a steep cirque at the base of Mount Barr with water draining into Sowerby Creek and the Fraser River. Mount Barr Cirque Lake has a steep-sided watershed with continuous MH forest on south aspects and parkland with avalanche slopes on north aspects. East Hunter Creek is a neighbouring drainage located 1.5 km northwest of Mount Barr Cirque Lake. The East Hunter Creek site supports a southeast aspect of subalpine forest from 1140 m to open parkland at 1650 m elevation. Our last site at 1300 m elevation is Mount Cheam, located 30 km west of Mount Barr Cirque Lake in a parkland environment below the steep avalanche slopes of Mount Cheam.
Present-day climate of southern British Columbia is influenced by major air masses associated with the semipermanent pressure systems over the Pacific Ocean. The Aleutian Low dominates during winter when westerly storm tracks deliver abundant moisture to the coast (Lydolph 1985; McBean 1996) . Winter precipitation usually falls as snow at higher elevations, producing large accumulations (Brooke et al. 1970) . The eastern Pacific subtropical high pressure system (Pacific High) strengthens each spring as it extends north and dominates during the summer months. The anticyclonic flow of the Pacific High brings dry air masses to western North America and blocks storm fronts from the Aleutian Low. The blocking Pacific High produces warm and dry conditions in summer and increases the potential for extended drought and fire at subalpine elevations (Agee 1993) .
Periods with large areas burned in western Canada correlate with anomalous 500-hPa geopotential height values over the region (Johnson and Wowchuk 1993; Skinner et al. 1999; Skinner et al. 2002) . These persistent ridges of high pressure create the conditions needed for large forest fires, which include dry convective storms, lightning, and high winds (Agee 1993; Rorig and Ferguson 1999) . In coastal forests, large stand-destroying fires are often associated with dry gradient winds from the east that behave as foehn winds originating from inland high pressure cells (Agee 1993) . A short fire season is limited to July through September, provided snow has melted and forest fuels have dried. Detailed historic records of fire in MH forests are rare because tree ring based fire history methods are not effective due to a scarcity of fire-scarred trees and even-aged stands used to date fire (Agee 1993) . Stands are typically multi-to all-aged and tree age is not an indicator of stand age because the time between stand-initiating fires is often longer than the life span of individual trees. Fine-scale gap processes tend to dominate MH forest structure and dynamics (Lertzman and Krebs 1991; Lertzman 1992) . Therefore, a charcoal-based fire history is the best method for determining the role of fire in these infrequently burned environments.
Materials and methods

Field and laboratory method
Soil charcoal
We sampled soil charcoal by collecting profiles of deep organic humus (up to 50 cm thick) overlying mineral horizons. Large rectangular sections (e.g., 10 × 10 ×~30 cm) were excavated using a shovel, wrapped in aluminum foil, and transported back to the laboratory. We sampled in areas with distinct depositional sequences and evidence of charcoal, which is mainly in open parkland and late snowmelt basins with minimal tree rooting. At East Hunter Creek, we sampled humus profiles from forested slopes and in open parkland using a 5-cm-diameter tube. A total of 92 humus profiles were processed from subalpine forest, parkland, and late-snowmelt basins at Frozen Lake (40), Mount Barr Cirque Lake (33), East Hunter Creek (12), and Mount Cheam (7). Humus profiles were described and subsampled in contiguous 1-cm intervals to construct a record of charcoal presence (or absence) throughout the depositional sequence. Subsamples were soaked in warm 6% KOH to loosen humic material and then wet-sieved for charcoal fragments larger than 0.5 mm. After sieving, charcoal deposits were noted and compared in relation to the age and depth of tephra layers.
Lake sediments
We extracted a continuous 300-cm-long core from Frozen Lake, a 220-cm-long core from upper Frozen Lake, and a 290-cm-long core from Mount Barr Cirque Lake using a percussion corer. Cores were subsampled contiguously in 1-cm increments using 10-cm 3 volumes of sediment for their entire length. Magnetic susceptibility measurements were performed on each sample using a Sapphire Instruments meter at the University of Oregon (Eugene, Oreg.). Sediment samples were soaked for 24 h in 10% sodium hexametaphosphate to deflocculate organic matter. The treated samples were gently washed through a 125-µm-mesh sieve and residues placed in a gridded Petri dish for counting macroscopic charcoal using a dissecting microscope at 400× magnification.
Data analysis
Soil charcoal
We identified and dated as many separate charcoal layers as possible using a limited number of AMS dates. The presence of volcanic tephra in numerous profiles allowed us to identify charcoal-rich (or charcoal-poor) periods without radiocarbon dating. The presence or absence of charcoal at a site was noted for specific time portions of the humus profiles. We dated only discrete charcoal layers from stratified humus profiles and tried to avoid replication of previously dated fire events. We submitted 10-15 charcoal samples at a time for AMS radiocarbon dating and used results from subsequent samples to decide on further submissions. The lake sediment charcoal records provided information on the potential timing of fire events around a site. At Frozen Lake, Mount Barr Cirque Lake, and East Hunter Creek we feel confident that most or all local fires were dated in the humus profiles we collected (Tables 1 and 2 ). Six charcoal dates from a single humus profile do not represent a complete reconstruction of local fire at Mount Cheam.
CHAR in lake sediment
To detect individual fires, sediment sampling resolution must be shorter than 600 to 1500 year fire intervals expected for subalpine MH forests (Lertzman 1992; Agee 1993) . CHAR was calculated by dividing particle concentration values by the average sediment deposition time between AMS ages in the sediment core (Table 3) . We used the decomposition methods of Long et al. (1998) to separate the CHAR time series into a slowly varying background component and a higher frequency peak component.
Background charcoal is strongly related to factors that affect charcoal production, such as standing biomass, fuel load and fire severity, and the effects of sedimentation processes (Millspaugh and Whitlock 1995; Clark and Patterson 1997; Long et al. 1998) . Deposition of macroscopic charcoal in sediments depends on local wind, erosion, and fluvial processes that transport charcoal into a basin (Clark 1988) . Sedimentary processes within a lake then influence where and when charcoal will deposit in the deepest portion of the basin. Background charcoal may reflect the contribution of material from the littoral zone over decades after a fire or the addition of charcoal from nonlocal or regional fires (Whitlock and Millspaugh 1996; Whitlock et al. 1997; Clark et al. 1998; Gardner and Whitlock 2001) . The highfrequency peak component in a CHAR series represents charcoal from a fire within the watershed. Peaks may also result from minor noise in the series related to analytical error in charcoal determination and random variations in CHAR due to sedimentary processes.
CHAR time series were produced by interpolating the raw charcoal concentration values and deposition times to evenly spaced 10-year intervals. This resampling approach allows us to analyze the data at equally spaced intervals and retains the features of the series. A locally weighted 400-year moving average was used to calculate the background component in the CHAR series based on past studies (Long et al. 1998; Hallett and Walker 2000; Millspaugh et al. 2000; Mohr et al. 2000) and numerous tests with these data. Window widths greater than 400 years did not detect all local fires identified by soil charcoal ages. The continuously varying background was used as a CHAR value threshold to determine which peaks (fire events) rise above the noise subcomponent of the record. The threshold is defined as a ratio of CHAR divided by local background value. A single fire event is identified when the peak exceeds the background value for the first time. A CHAR value threshold ratio of 1.00 was needed to detect all of the local fires around our lake sites throughout the Holocene and higher values tended to underestimate real fire events. A binary series of fire events (1 = fire event, 0 = no fire event) was produced and plotted as a "+" beside the original CHAR series. To produce a fire frequency summary, we used a locally weighted mean to smooth the binary series and present the frequency of fire events (number of fire events per 1000 years) for the length of the record (Long et al. 1998 ). Mean fire return intervals along with their standard errors were calculated using the binary series of fire peaks for the entire length of the record, for fire frequency zones that we defined visually, and for peaks linked to local soil charcoal evidence.
Results
Soil charcoal
Most of the 102 AMS soil charcoal ages and their calibrated age ranges (Stuiver et al. 1998) are derived from open parkland and late-snowmelt basins because these environments had the best charcoal stratigraphy (Tables 1 and 2) . Fifteen of our radiocarbon-dated profiles and many of our undated sections had visible tephra layers (Tables 1 and 2 ). The most abundant charcoal deposits in our humus profiles were located just above the Bridge River tephra and below the Mazama tephra. We dated mainly late and mid-Holocene charcoal deposits because early Holocene charcoal was found in mineral soil that was crumbly and nonstratified. Charcoal found in humus accumulation began at~9500 calendar years BP. We suspect that warmer summers and colder winters due to increased seasonality led to higher decomposition rates and cryoturbation in the earliest Holocene soils (Mathewes and Heusser 1981; Mathewes 1985; Thompson et al. 1993) .
No dated charcoal samples were inverted in age compared with the positions of the two tephras. Ten charcoal samples near the Bridge River tephra dated to within a few hundred years of its accepted age (~2388 calendar years BP; Table 3 ) (Clague et al. 1995) . For example, charcoal ages located 1, 2, and 3 cm above the tephra dated at~2355, 2176, and 2218 calendar years BP (Tables 1 and 2 ), suggesting that the in-built age of charcoal may be smaller than at lower elevation coastal western hemlock sites (Gavin 2001 ). There were 15 (15%) inverted ages of soil charcoal in humus profiles with only four (4%) older by more than 200 years and just two older by several thousand years. The two large inversions were most likely the result of mass erosion at East Hunter Creek in a late-snowmelt basin site. The 11 minor inversions were well within the 2-sigma measurement error of radiocarbon and calibration. In these cases, the in-built age of wood charcoal may be responsible (Gavin 2001) , or a mixing event may have caused the inversion. In general, most of the ages (87 or 85% of the ages) were in agreement with their depositional sequence and provided information on fire return intervals and time since fire at specific sites in the watershed (Lertzman et al. 2002) .
The cumulative probability distributions of 102 AMS ages show a gap or fire-free interval older than 9500 calendar years BP, which is the result of not dating samples from older mineral soil horizons (Fig. 2) . Gaps from~9000 to 8400 and from~8000 to 7400 calendar years BP are intervals without fire. Local fire evidence indicates that fire-free intervals can last for many centuries and even millennia at some sites. The mapped midintercept of the AMS ages at Frozen Lake shows that most charcoal ages were located near the upper lake and in the meadow between the two lakes (Fig. 3) . Open parkland areas and southeast-and southwest-facing areas at the base of forested slopes contained the best soil charcoal deposits and reflect most of the dated sites. At Mount Barr Cirque Lake, most soil charcoal deposits were also found at the base of south-facing forested slopes in an open parkland environment. North-facing avalanche slopes with isolated tree islands are largely free of charcoal and suggest that fires were rare on wetter slopes (Fig. 4) .
Age-depth relationship for Frozen Lake and Mount Barr Cirque Lake cores
We used a simple linear interpolation between AMS dates on conifer needles, plant macrofossils, and tephra layers to infer age from depth in each core (Fig. 5) . The AMS 14 C dates were converted to calendar ages (calendar years BP) using the calibration program (CALIB 4.3) of Stuiver et al. (1998) (Table 3 ). The accepted ages of the Bridge River (Clague et al. 1995) and Mazama (Hallett et al. 1997) tephras were used in the chronologies. The average deposition time of Frozen Lake is~45 years/cm with 1-cm sampling times ranging from 19 to 71 years/cm. We disregarded the AMS date at 52 cm because it was older than the Bridge River tephra layer located at 60 cm. Mount Barr Cirque Lake sedimentation averages~15 years/cm for the entire core with sampling times ranging from 9 to 59 years/cm. The period from 2400 to 1200 calendar years BP shows high sedimentation rates in both cores, but particularly in the Mount Barr Cirque Lake core, where five AMS ages indicate a very high sedimentation rate (Fig. 5) . This is most likely due to erosion after frequent or severe fire events around the lakes (Fig. 2) .
Lithology of lake sediments
Frozen Lake sediments consist of fine laminated darkbrown gyttja in the core from 0-238 cm depth. The Bridge -25.40 2121 (1985, 1983, 1967, 1962, 1949 River and Mazama tephra layers are located at 60 and 155-162 cm depth, respectively. Very thin 2-mm layers of silty clay are found at 36, 52, 89, 121, 122, 142, 143 , and 226 cm depth. A hidden tephra layer, which erupted from Glacier Peak during the mid-Holocene, was revealed at 127 cm depth . A 1-cm layer of silt and sand was located at 221 cm depth and a sharp transition from brown gyttja to greyish brown clay occurred at 238 cm depth. Grey clay was noted from 241 to 265 cm depth, and below 265 cm depth, a sharp transition to sand occurred until the base at 300 cm depth (Fig. 6) . The Mount Barr Cirque Lake core consists of dark-brown gyttja for the entire length of the core with a discrete 2-mm layer of sand found at 184 cm depth. The Bridge River tephra was located at 140 cm depth and remnants of the Mazama tephra were found in the base of the core tube upon extraction (Fig. 7) . The same mid-Holocene Glacier Peak tephra layer was located at 239 cm depth in the Mount Barr Cirque Lake core ).
Magnetic susceptibility
Magnetic susceptibility measurements detect allochthonous minerogenic input in the sediments and provide a proxy measure of erosion resulting from a fire or flood event or the deposition of a volcanic tephra (Thompson and Oldfield 1986) . The magnetic susceptibility concentration data (emu·cm -3 ) for Frozen Lake and Mount Barr Cirque Lake ) were transformed to electromagnetic accumulation rates (EMAR, emu·cm -2 ·year -1 ) in a similar way to the charcoal data (Figs. 6 and 7) . EMAR records show infrequent peak events and a gradual decreasing trend over the length of each record, suggesting that erosion decreased with continued vegetation development and humus formation during the Holocene. For Frozen Lake, EMAR and CHAR are negatively correlated (r = -0.29, p < 0.0005) for the last 11 500 calendar years BP, suggesting that fires are not directly related to erosion events. In contrast, at Mount Barr Cirque Lake, EMAR and CHAR are positively correlated (r = 0.24, p < 0.0005), suggesting that fires are related to erosion events in the last 7500 calendar years BP. Steep avalanche slopes on the south side of Mount Barr Cirque Lake may be the cause of this relationship. Both EMAR records indicate increased erosion after the deposition of the Bridge River tephra when the local soil charcoal records indicate numerous local fires between 2400 and 1300 calendar years BP (Fig. 2) . At Mount Barr Cirque Lake, a similar increase in erosion is seen from 4300 to 3600 calendar years BP.
CHAR and fire frequency reconstruction
CHAR from Frozen Lake has background values ranging from 0.1 to 0.3 particle·cm -2 ·year -1 throughout most of the record with high values of 0.4-0.6 particle·cm -2 ·year -1 in the late Holocene. Peak amplitudes vary along with background values. Some CHAR peaks tend to extend over many centuries; however, we define a fire event at the initial increase in CHAR beyond the threshold ratio. Local soil charcoal ages are assumed to be a maximum age for a similarly aged fire recorded in the lake sediment (Gavin 2001) . At Frozen Lake, we identified 18 of 40 fires (45%) as local events in the watershed over the last 9000 years using 49 soil charcoal AMS C ages used in the lake sediment cores from Frozen Lake and Mount Barr Cirque Lake.
ages (Fig. 6 ). The period from 11 500 to 9000 calendar years BP had one more AMS age dated at 10 740 calendar years BP, but our sampling bias against charcoal in mineral soil limits our interpretation of local fire older than 9000 calendar years BP. The CHAR-based fire frequency reconstruction for Frozen Lake shows a continuously varying fire frequency over the Holocene (Fig. 6) . The highest fire frequencies of 7 or 8 events/1000 years occur during the early Holocene from 11 000 to 9000 calendar years BP. After 9000 calendar years BP, CHAR peak frequency declines rapidly and reaches its minimum value of 2 events/1000 years around 6000 calendar years BP. Two high fire frequency periods occur from 5000 to 3500 and from 2400 to 1300 calendar years BP. There is a sharp decline in fire frequency from 1300 calendar years BP to present day. The mean fire return interval (MFI) for peak (or fire) events in the 11 400 year Frozen Lake record is 204 ± 12 years (mean ± 1 SE). The MFI for local peak (or fire) events calibrated by soil charcoal ages is 555 ± 100 years.
CHAR from Mount Barr Cirque Lake has a fairly constant background of 0.1-0.3 particle·cm -2 ·year -1 throughout most of the record until 2400-1300 calendar years BP when background values rise an order of magnitude from 0.8 to Total cumulative probability distributions (2-sigma range) for all the soil charcoal ages are shown for each site and represent fires at (b) Frozen Lake, (c) Mount Barr Cirque Lake, (d) East Hunter Creek, and (e) Mount Cheam. Distinct gaps with no charcoal ages and low probabilities are contrasted by periods of higher probability. This indicates a periodic fire regime and, at times, long fire-free intervals in mountain hemlock forest. Fig. 3 . Location of soil charcoal ages (midintercept age only, calendar years BP) for the Frozen Lake watershed. Most ages are located above Frozen Lake, which lies downstream on a subalpine bench system that is contained by steep slopes on the west and east sides. Distinct charcoal deposits, with known stratigraphic markers such as volcanic tephra, were most common in the late-snowmelt depressions of areas with open aspect. This figure represents a crude time-since-fire map for local fire in the watershed. Contour intervals are in 20-m increments. 4.0 particles·cm -2 ·year -1 . Peak values also increase dramatically during this interval and require a log scale. In the Mount Barr Cirque Lake watershed, 11 of 46 fires (24%) in the last 7500 years were identified as local events using 16 of 23 AMS ages (Fig. 7) . Frequent fire periods were identified between 6500 and 3500 and between 2400 and 1300 calendar years BP. Low fire frequency occurs around 7000, between 3500 and 2400, and after 1000 calendar years BP according to the CHAR record. Evidence of synchronous fire occurs in the neighbouring East Hunter Creek watershed from 2400 to 1000 calendar years BP. Individual fires at East Hunter Creek around 2000 calendar years BP, during the mid-Holocene, and at 7000 calendar years BP may have contributed airborne charcoal to the Mount Barr Cirque Lake basin (Fig. 7) . Overall MFI for the 7500-year Mount Barr Cirque Lake record is 161 ± 12 years. The MFI for local peak (or fire) events calibrated by soil charcoal ages is 455 ± 100 years.
We separated the two MH fire frequency reconstructions into six zones with transitions at~8800, 6400, 3500, 2400, and 1300 calendar years BP, with synchronous response over the last~6000 years (Fig. 8) . A variable fire frequency at both sites during the mid-Holocene becomes locked in phase after 4500 calendar years BP and continues to present day. A decrease occurs from 3500 to 2400 calendar years BP followed by increases to early Holocene levels of 6-8 events/1000 years from 2400 to 1300 calendar years BP and a decline after 1300 calendar years BP. MFI estimates for individual zones 1-6 complement the fire frequency plot but are best used in a comparison with one another rather than their actual value (Fig. 8) (Long et al. 1998; Hallett and Walker 2000) .
Discussion
Reconstructing fire frequency with CHAR records and soil charcoal ages
This study is a comparative analysis of local fire history that combines lake sediment and soil charcoal methods over the entire Holocene. These methods provide independent evidence of fire around a site (Gavin 2000) and allow us to assess variations in fire frequency under changing climate. Most charcoal-based fire history studies use dendrochronological evidence, such as fire scars, and stand ages or historical fire records to calibrate CHAR peaks with a fire of known age, size, and proximity to the lake (Swain 1973 (Swain , 1978 Cwynar 1978; Clark 1990; MacDonald et al. 1991; Millspaugh and Whitlock 1995; Larsen and MacDonald 1998; Long et al. 1998; Tinner et al. 1998; Gavin 2000; Hallett and Walker 2000) . This calibration method is limited by short time scales and the "erasure effect". Theoretical (Patterson et al. 1987; Clark 1988 ) and empirical studies of charcoal deposition in lakes after a fire event (Whitlock and Millspaugh 1996; Whitlock et al. 1997; Clark et al. 1998; Gardner and Whitlock 2001) support the interpretation of CHAR peaks as past fires. Addition of AMS-dated soil charcoal allows calibration of CHAR peaks as far back as the early Holocene. With comprehensive sampling of soil charcoal in a watershed and a generous radiocarbon dating budget, detailed time-since-fire maps can be constructed to analyze the spatial and temporal variations in fire regimes (Gavin 2000) and the impacts of climate or humans on fire regimes (Meyer et al. 1992; Carcaillet 1998) . Not all soil charcoal sites are suitable for detailed fire history reconstruction because frequent freezing in winters may cause Table 3 are plotted along with their 2-sigma age range. A simple linear interpolation between ages was used to construct an agedepth model.
Fig. 6.
Charcoal accumulation rates (CHAR), peak events, soil charcoal data, fire frequency reconstruction, magnetic susceptibility, and lithology for Frozen Lake in the last 12 000 calendar years BP. Peak events corresponding to local fire evidence from Fig. 3 are marked with an arrow (fire directly around Frozen Lake), M (fire in meadow), and FL2 (fire at upper Frozen Lake). Soil charcoal dates are used as a maximum age to calibrate a local CHAR peak event.
Fig. 7.
Charcoal accumulation rates (CHAR), peak events, soil charcoal data, fire frequency reconstruction, magnetic susceptibility, and lithology for Mount Barr Cirque Lake in the last 7500 calendar years BP. Peak events corresponding to local fire evidence from Fig. 4 are marked with an arrow. The total cumulative probability of soil charcoal ages from neighbouring East Hunter Creek (EHC) are shown and peak events that may correspond to distant fires (>1.5 km) outside the watershed are marked with EHC.
cryoturbation, and bioturbation during warm summers may disturb the stratigraphy and size fraction of charcoal deposits (Carcaillet and Talon 1996; Carcaillet 2001) . CHAR peaks lacking evidence of local fire likely represent burns outside the watershed or upwind of the lake (Gardner and Whitlock 2001) , although most macroscopic charcoal does not travel far from its source (Clark et al. 1998; Ohlson and Tryterud 2000) . Our results at Mount Barr Cirque Lake suggest that CHAR peaks represent fires near the lake but charcoal from adjacent watersheds such as East Hunter Creek may travel in plumes as much as 1.5 km. Wind is clearly a critical factor affecting charcoal distribution in high-elevation areas (Gardner and Whitlock 2001; Benedict 2002 ). Small CHAR peaks may represent some large but distant (>1 km) fires or small local events (<1 km). Most large peaks, however, are usually associated with nearby fires within the watershed (Millspaugh and Whitlock 1995) . Magnetic susceptibility measurements helped to identify some local fires with erosion at Mount Barr Cirque Lake, but this was not the case at Frozen Lake were magnetic susceptibility and CHAR were negatively correlated. The deeper and larger Frozen Lake had a lower sedimentation rate, and erosion of minerogenic material delivered from gentler slopes may not have reached the deepest parts of the basin as at Mount Barr Cirque Lake. Mount Barr Cirque Lake with its steep avalanche slopes next to the lake probably has minerogenic material delivered with higher energy, allowing it to reach the deepest portions of the basin. In summary, we feel that soil charcoal is a better indicator of local fire around a lake basin.
The CHAR-based fire frequency reconstruction revealed shorter than expected MFI values of 204 and 161 ± 12 years for wet mountain hemlock forests. There are periods, such as fire frequency zones 5, 3, and 1, when MFI increases slightly (Fig. 8) , but in general, we expected much longer intervals for this forest type. The local MFI values (fires with soil charcoal evidence) of 555 and 455 ± 100 years are more consistent with modern fire history and ecological studies that indicate MFI values of 600-1500 years for mountain hemlock forests (Lertzman 1992; Agee 1993) . CHAR-based MFI estimates for drier montane spruce forests in southeastern British Columbia (~240 years) (Hallett and Walker 2000) and lower elevation western hemlock forests in the Oregon Coast Range (~230 years) (Long et al. 1998) were similar over the last 3000 years. In contrast, estimated fire intervals of 1200 and 2380 years for mountain and western hemlock rain forests based solely on soil charcoal AMS ages suggest the rarity of fire as local disturbance process (Lertzman et al. 2002) . The soil charcoal method alone, however, may underestimate fire intervals because of taphonomic problems, radiocarbon dating limitations, or the fact that severe fires can consume earlier charcoal deposits (Gavin 2000) . The relatively short MFI estimates suggest that the CHAR peak method may overestimate the number of local (in our case, this means within 1 km of the lake) fire events because we identified only 24-45% of peaks as local fires. More extensive sampling of soil and more AMS dates may resolve a greater number of fires. CHAR represents a complex spatial aggregation of fire events occurring across a charcoal source area that is specific for each site. Our sites had small ridgetop watersheds, but fires burning at lower elevations or in neighbouring watersheds likely contributed charcoal to the lakes. The~200-year MFI estimates are very similar to significant~210-and 218-year periodicities in CHAR records from western hemlock and montane spruce forests over the last 1000 years and from the Frozen Lake record over the last 11 000 years. Shorter than expected MFIs for mountain hemlock forest and a similarity to values from drier forest types suggest that large-scale climate forcing may be causing synchronous fire events at century-scale frequencies (Hallett et al., in revision 3 ).
Comparison of mountain hemlock charcoal records and Holocene climate
Fire frequency around both Frozen and Mount Barr Cirque lakes has varied with climate throughout the Holocene. Fires were often more frequent at Mount Barr Cirque Lake, which may be explained by higher resolution sampling and a higher rate of sedimentation (Fig. 1) or its proximity to drier forest types on the east slopes of the Cascades where fires are more common (Agee et al. 1990; Agee 1993) . In fire frequency zone 1, a range of 6-8 events/1000 years at Frozen Lake occurs during dry and warm early Holocene climate (Mathewes and Heusser 1981; Mathewes 1985; Clague and Mathewes 1989; Hebda and Whitlock 1997) and corroborates other charcoal studies in western North America (Long et al. 1998; Hallett and Walker 2000; Millspaugh et al. 2000; Mohr et al. 2000) . During the early Holocene, the eastern Pacific High expanded due to greater than present summer insolation. This created increased summer temperatures and decreased effective precipitation across much of western North America (Thompson et al. 1993) , promoting more frequent fires across the region. Infrequent CHAR peaks at Frozen Lake from 8200 to 7400 calendar years BP match well with a gap in soil charcoal evidence (Fig. 6 ) and may be a response to global cooling after the widespread 8200-year BP cold event (Stager and Mayewski 1997) . Fires are also absent during this cold period around Dog Lake in the Rocky Mountains (Hallett and Walker 2000) .
Fires decreased in zone 5 around both lakes as rain forest became established in the region (Mathewes 1973; Mathewes and Rouse 1975; Hebda and Mathewes 1984; Wainman and Mathewes 1987; Whitlock 1992; Sea and Whitlock 1995; Worona and Whitlock 1995; Hebda and Whitlock 1997; Pellatt and Mathewes 1997; Pellatt et al. 2000; Gavin et al. 2001) . A few needle fragments of A. amabilis occur in the early Holocene, but drier subalpine taxa, such as A. lasiocarpa, tend to dominate the macrofossil record (in association with T. mertensiana) from the lakes. After 8500 calendar years BP, A. amabilis needles increase and A. lasiocarpa are absent after 6000 calendar years BP (K. Farquharson and D. Hallett, unpublished data) . Pollen, plant macrofossil, and charcoal evidence from similar subalpine forests on the Olympic Peninsula, Washington , and drier forest on nearby Mount Stoyama, British Columbia (Pellatt et al. 1998 (Pellatt et al. , 2000 , support this interpretation. Soil charcoal evidence is sparse from 9000 to 7400 calendar years BP, suggesting that climate was moist enough to limit local fire at our sites (Fig. 2) . Frozen Lake CHAR indicates a lower fire frequency; however, several peaks in the mid-Holocene appear to lag over many centuries, suggesting that secondary charcoal deposition may have occurred for long periods after a fire event (Whitlock and Millspaugh 1996; Whitlock et al. 1997) .
The initial overlapping portions of the mountain hemlock records show a variable fire period in zone 4 with a broad range of 2-8 events/1000 years (Fig. 8) . Local fire evidence is found around Frozen Lake and Mount Barr Cirque Lake (Figs. 6 and 7) during this period, but East Hunter Creek was fire free for millennia. There is little coherence between the records until after 4500 calendar years BP when fire frequency becomes locked in phase for the remainder of the Holocene. A synchronous decrease in fire frequency from 3500 to 2400 calendar years BP corresponds to Neoglacial advances in the region (Porter and Denton 1967) and changes in atmospheric circulation of the Northern Hemisphere (O'Brien et al. 1995) . The Tiedemann advance in the southern Coast Mountains of British Columbia (Ryder and Thomson 1986) as well as the Peyto (Luckman et al. 1993) and Stutfield Glacier (Osborn et al. 2001 ) advances in the Canadian Rockies date to this interval. Glacier advances and infrequent fire events support a cooler moister climate regime most likely dominated by the Aleutian Low and frequent westerly storm tracks. A period of decreased fire frequency during the Peyto advance also occurs in the montane spruce forests surrounding Dog Lake in southeastern British Columbia (Hallett and Walker 2000) .
A return to more frequent fire between 2400 and 1300 calendar years BP suggests that prolonged drought occurred more often during this interval, which we name the Fraser Valley Fire Period. This frequent fire period is coeval with the Roman Warm Period in North Atlantic records (Lamb 1995) when climate forcing such as enhanced Azores high pressure circulation, increased North Atlantic flow and ocean circulation (Bianchi and McCave 1999) , and more active sun occurred (Stuiver et al. 1997 (Stuiver et al. , 1998 Bond et al. 2002) . Records of longer and more frequent drought episodes in North America during the last 2000 years also correspond to the timing of the Fraser Valley Fire Period (Laird et al. 1996; Woodhouse and Overpeck 1998) . Some pollen studies in the interior west of North America indicate increased aridity during this period (Thompson et al. 1993 ), but many studies in the Pacific coast region report modern climate conditions for the last 3000 years (Mathewes 1973 (Mathewes , 1985 Mathewes and Rouse 1975; Mathewes and Heusser 1981; Barnosky et al. 1987; Mathewes and King 1989; Whitlock 1992; Thompson et al. 1993; Hebda 1995; Sea and Whitlock 1995; Hebda and Whitlock 1997; Pellatt and Mathewes 1997; Pellatt et al. 1998 Pellatt et al. , 2000 Pellatt et al. , 2001 Gavin and Brubaker 1999; Gavin et al. 2001) . The relatively coarse sampling used in most pollen studies limits the ability to resolve decade-to century-scale climate changes such as drought events. Long-lived trees in the rainforest have eco-logical inertia that allows them to survive through short-term climate changes (Agee 1993) . Pollen data from these sites may or may not show a response to frequent and (or) severe summer drought. Atmospheric driven disturbances, such as fire, are more likely to track climate in the late Holocene. There is growing evidence of drier summer climate in the late Holocene because several charcoal records show increased fire activity during 2400-1300 calendar years BP in western North America (Wainman and Mathewes 1987; Long et al. 1998; Reasoner and Huber 1999; Hallett and Walker 2000; Mohr et al. 2000; Pellatt et al. 2000; Gavin et al. 2001) . Forest fires in temperate rainforest indicate summer drought and can help to elucidate rapid climate change on the scale of decades to centuries. Enhanced high pressure circulation may have dried fuels and led to an increase in dry lightning storm tracks across the Pacific Northwest during the Fraser Valley Fire Period (Rorig and Ferguson 1999) . Lightning is rare in coastal temperate rainforest but increases as you move into the mid-to upper Fraser Valley, which is closer to drier, more continental forests on the east side of the Cascade and Coast Mountains (Lertzman et al. 2002) .
More frequent drought and dry fuel conditions during the Fraser Valley Fire Period may have increased the probability of human-lit fires. Modern studies suggest that human-lit fires may have been important in the lower parts of the valley and on adjacent mountainsides in enhancing berry crops and clearing vegetation for hunting (Turner 1991; Lepofsky et al. 2003 ). An active cultural period known as the Marpole in the Fraser Valley coincides roughly with the Fraser Valley Fire Period, although very little archaeological evidence exists for elevations in the MH zone (Matson and Coupland 1995) . Human-lit fires are documented as frequent (yearly to decadal) events and are thought to occur more or less continuously from the historic period into the past, but this is not the case at our MH sites (Lepofsky et al. 2003) . Fires tend to occur every two centuries or more at our sites throughout the Holocene and appear to be a background signal of natural fire (Fig. 8) . Our charcoal data suggest that climate forcing (enhanced high pressure circulation leading to drier fuels and more lightning) is the most parsimonious explanation for increased fire at subalpine elevations where fuels are often wet even in summer. There may have been periods where weather and fuels were conducive for fire but no ignition sources, either lightning or human, existed. Long fire-free intervals during Neoglacial advances also support a climatebased explanation for fire variability. To better address the variability of fire and climate in the region, a comprehensive analysis of charcoal records is needed to increase our knowledge of the synchrony of fire response across different forest types and climate zones. Forest fire and its importance to paleoclimatology may help us to better understand the variability of late Holocene climate and future changes in response to global warming (Overpeck et al. 1990; Price and Rind 1994) .
Modern fire frequencies of 2-5 events/1000 years were established after 1300 calendar years BP. With the exception of Frozen Lake, and to a lesser extent Mount Cheam, there is little evidence of local fire at our MH sites over the last 1000 years, although CHAR peaks indicate burning during the Medieval Warm Period (~1000-600 calendar years BP) around our subalpine lake sites (Figs. 2, 6 , and 7). Fires appear to be rare during the cooler climate of the Little Ice Age (600-150 calendar years BP) (Luckman et al. 1993; Lamb 1995; Clague and Mathewes 1996) at various sites across the province (Gavin 2000; Hallett and Walker 2000; Hallett 2001 ). The last fires recorded at our MH sites correspond to a dry period around 150 calendar years BP (~AD 1800) (Watson and Luckman 2001 ) when large fires occurred at many sites in the northwestern United States (Hemstrom and Franklin 1982; Dickman and Cook 1989; Agee 1991 Agee , 1993 Huff 1995; Heyerdahl et al. 2001 ) and western Canada (Johnson and Fryer 1987; Masters 1990; Gavin 2000; Hallett 2001) .
Modern ecological (Lertzman and Krebs 1991; Lertzman 1992) and fire history studies (Hemstrom and Franklin 1982; Agee and Smith 1984; Agee 1993 ) use tree-ring records to define the disturbance history of MH forests and the role of fire. From these records, we find that most modern fires are small and patchy, especially in reduced fuels such as subalpine heaths in open parkland (Douglas 1972; Potash and Agee 1998) . Larger stand-destroying fires tend to affect continuous forest on drier south-facing slopes (Fahnestock and Agee 1983; Agee and Smith 1984; Agee 1993) , which is also where we found most of the soil charcoal deposits at our sites. Our calibrated CHAR records reflect the frequency of stand-destroying fire in mountain hemlock forest, and smaller uncalibrated peaks may represent local patchy fires or large fires from nearby watersheds. These subalpine CHAR records undoubtly contain plume-transported charcoal from a broad source area that may include fires started at lower elevations.
In summary, our long-term charcoal study suggests that fires were more frequent than previously thought in the MH zone of the mid-Fraser Valley. These MH zone sites are located in transitional areas close to drier, more continental forests at lower elevations and just a few kilometres away in the subalpine. MH forest located closer to the coast or farther north should be studied to determine the range of potential MFI values for this forest type. At our sites, a variable fire frequency appears to be in phase with shifts in regional climate and may reflect the influence of inland high pressure cells as well as the strength and position of the Pacific High. The timing and extent of fire events can greatly influence the structure of these high-elevation old-growth forests by creating meadows and open areas in subalpine areas and altering sensitive ecotones near tree lines (Agee and Smith 1984; Huff 1995) . For example, during the low fire frequency periods from 3500 to 2400 and from 600 to 0 calendar years BP, the structure of MH zone forest probably displayed more oldgrowth characteristics and greater biomass accumulation. Frequent fire periods such as the Fraser Valley Fire Period and Medieval Warm Period may have caused an increase in younger age-classes and more open areas. The temporal variability of fire regimes on century-to-millennial time scales and its potential impact on forest structure in oldgrowth subalpine forests may be important for global warming scenarios in western Canada. Future wildfire in circumboreal forests under global warming scenarios show a variable response across regions including expected increases and some decreases in fire frequency (Flannigan et al. 1998 ). Long-term charcoal records are useful for testing general circulation model and regional model simulations of fire climate and investigating links between forest dynamics and the global carbon cycle Flannigan et al. 2001 ).
Conclusions
The macroscopic charcoal records from the MH zone provide a unique window on the long-term fire history in the wet subalpine forests of the southern Coast and northern Cascade Mountains. These high-resolution records show synchronous responses to climate change on century-tomillennial time scales and provide insight into the variability of late Holocene climate and fire regimes across the region. Several conclusions follow from this study and should be tested with additional long-term charcoal records from other forest types.
(1) AMS dating of soil charcoal deposits around a lake are useful for calibrating CHAR records over the Holocene. This method is most effective in wet forest types with little evidence of past fire, such as fire-scarred trees and stand age information. CHAR records may overestimate local fire frequency and produce shorter MFI values because CHAR represents a complex spatial aggregation of fire events from a charcoal source area. Soil charcoal records may underestimate fire frequency records because they provide site-specific (point) data, and extensive radiocarbon dating may be not be possible. (2) Decomposition of the components of macroscopic charcoal records derived from lake sediments is an effective method for reconstructing the local fire history on century-to-millennial time scales. These methods show a nonstationary fire response around Frozen Lake (last 11 500 years) and Mount Barr Cirque Lake (last 7500 years) over the Holocene. The fire frequency records are in phase from the mid-Holocene, suggesting that fire regimes since~5000 calendar years BP have been synchronized by climate changes. (3) Fire events were frequent at Frozen Lake in the early Holocene when warm and dry summer conditions existed. The synchronous increases in fire frequency at both lakes between 2400 and 1300 and between 4500 and 3500 calendar years BP indicate more frequent summer drought and a strong relationship with climate forcing via blocking high pressure circulation. Synchronous decreases in fire frequency between 3500 and 2400 and between 600 and 0 calendar years BP in MH forests correspond to Neoglacial advances such as the Tiedemann and Little Ice Age, suggesting dominance of the Aleutian Low and frequent westerly storm tracks.
